Introduction
[2] Radar measurements of dielectric properties can provide valuable information on the composition and density of planetary surface materials, and such information could be important to understanding the range of volcanic deposits on Mars. Prior measurements of the dielectric properties of the Medusae Fossae Formation, a possible pyroclastic deposit, have yielded low values (3-4) for the permittivity and low values for the loss tangent (0.001-0.005) [Walters et al, 2007; Carter et al, 2009] . The SHARAD (Shallow Radar) instrument on MRO (Mars Reconnaissance Orbiter) sounded through thin Amazonis Planitia plains materials and the Vastitas Borealis Formation, and the measured loss tangents of 0.005-0.012 are consistent with moderatedensity sediments [Campbell et al, 2008] . Bistatic experiments between the orbiting Mars Express spacecraft and the NASA Goldstone antennas at a wavelength of 3.6 cm yielded permittivity values between 2 and 4 across a variety of Martian terrains including the poles and northern plains [Simpson et al, 2007] . Using Arecibo Observatory as a receiver at 13 cm wavelength resulted in permittivity estimates that were 10-50% higher than the 3.6 cm wavelength data across the same terrains [Simpson et al, 2007] , consistent with an increase in dust compaction or a transition to dense bedrock in the upper 1 m of the Martian surface. If basaltic lava flows cover considerable areas of Mars, one might expect to see higher measured permittivity values. On Earth, dense (i.e., low vesicularity) basalts have real permittivities between 7 and 11 [Ulaby et al, 1988; Campbell and Ulrichs, 1969] . The Martian dust cover, sediments, or weathering products likely blanket many surfaces and obfuscate dielectric measurements at short radar wavelengths. However, radar images at 13 cm wavelength do show large areas of bright flows in the Tharsis, Elysium and Amazonis regions [Harmon and Nolan, 2007; Harmon et al, 1999] , which are likely indicative of rugged, dense (high-permittivity) lavas. While an exposed highpermittivity surface will permit less penetration by a probing long-wavelength radar wave, a modest covering of dust can greatly reduce this impedance mismatch with the atmosphere and allow for increased penetration.
[3] SHARAD is well suited to determining the dielectric properties of lava flows, provided that it can detect a subsurface interface. If the radar wave penetrates a lava flow and reflects from a basal interface with material of sufficient dielectric contrast, it is possible to calculate the permittivity and loss tangent, given an independent measurement of the flow thickness. The large flow field north and west of Ascraeus Mons is one of the few areas on Mars where the SHARAD radar appears to penetrate dense volcanic rock. In this case a flat, smooth, dust-covered surface provides ideal conditions for measuring the material properties of these flows. The values reported here represent the first measurements of the dielectric properties of individual Martian lava flows.
Geologic Context of SHARAD Data
[4] SHARAD operates at 20 MHz with a 10 MHz bandwidth, and it has a free-space vertical resolution of 15 m [Seu et al, 2004] , which corresponds to a 5-to 10-m vertical resolution in common geologic materials. The spatial resolution of SHARAD is 3 to 6 km depending on surface roughness, reducible to 0.75 to 1 km in the alongtrack direction with synthetic aperture focusing [Seu et al, 2004 [Seu et al, , 2007 .
[5] In the plains northwest of Ascraeus Mons, SHARAD detects late time-delay echoes associated with the distal parts of smooth flows (Figure 1) . This region has a low Figure 2 . Interfaces are seen beneath both the northern and southern flows. The northern flow has three distinct units, marked A through C. Late time-delay echoes are seen from other locations within the radargrams, but these do not correspond to flows visible on the surface, and may be echoes from dipping reflectors below the surface.
elevation relative to its surroundings and is covered by multiple flow complexes. Most of the lava flows were fed from vents located along the rift zone linking Ascraeus Mons and Pavonis Mons. These flows travel for hundreds of kilometers, and have been interpreted as late-stage flows from rift-zone fissures [Baloga et al, 2003] . The flow thickness varies, but they are typically between 30 and 70 m thick, as measured from Mars Orbiter Laser Altimeter (MOLA) data. Physical models suggest that they may have been emplaced as individual thick flows traveling over flat, smooth surfaces [Baloga et al, 2003] . Models also show that Tharsis-area lavas, including flows from the Ascraeus and Pavonis rift zone, had viscosities consistent with basaltic compositions [Glaze et al, 2009] . These flows were likely emplaced over long time periods, ranging from 1-10 years; flows west of Ascraeus Mons have effusion rates <1000 m 3 s _1 which are within the rates of historical terrestrial long-duration eruptions [Glaze et al, 2009] . The long, leveed flows on Mars, including those where SHARAD detects the subsurface, may therefore be similar to many terrestrial basaltic flows [Glaze et al, 2009; Baloga and Glaze, 2008; Glaze and Baloga, 2006] .
[6] SHARAD is sensitive to wavelength-scale topographic features that contribute off-nadir surface clutter to the received echoes. However, such echoes are not present in surface clutter simulations performed using a facet-based, geometrical optics radar model incorporating both diffuse and specular scattering [Holt et al, 2006] [9] The radargrams in Figure 1 show other late-time delay features that are not present in clutter simulations (Figures lb and Id) and that do not match the positions of surface flows. In cases with well-defined dipping features, there may be an interface beneath the flat basin surface, perhaps similar to the Amazonis plains reflectors [Campbell et ah, 2008] . It is also possible that in some cases small clutter sources may be causing the late-time delay features. Since the depth and origin of these features is uncertain, they are not used for the dielectric constant measurements.
Measurement of Dielectric Properties
[10] The SHARAD data can be used to measure the complex dielectric constant (e' ± ie") of the lava flows. We estimate the permittivity of the flows by comparing the measured time delay of returns from the subsurface with altimetry measurements of the flow heights relative to the surrounding plains. The permittivity (e') can be computed from:
clutter in available imaging data of the region at locations required to produce the observed post-nadir echoes. We therefore interpret the late-time delay echoes as interfaces between the flows and the underlying terrain. Consistency of echoes across multiple tracks further reinforces this interpretation.
[7] SHARAD data (Figures la and lc) are typically shown as radargrams, with time-delay increasing down the y-axis and along-track distance increasing along the x-axis. The radargrams used in this study were processed using a synthetic aperture focusing algorithm, and no ionospheric corrections were performed because the data were collected at night. Radargrams in our study area (Figure 1) show that SHARAD penetrates through these flows in two distinct areas: in the northern part of the basin, where a flow complex originates south of Alba Patera, and in the southern part, where the flows originate at the Ascraeus-Pavonis rift (Figure 2) . The entire basin is covered in dust, and wind streaks are common. Figure 3 is a HiRISE image of a portion of the northern flows that illustrates the smooth, flat and dust-covered surface. In 12.6-cm wavelength groundbased radar images, the northern flow has fairly low backscatter values, while the southern flow is moderately bright [Harmon and Nolan, 2007] . This suggests that there may be a variable dust covering in the area, and that beneath the dust layer, the flows have a high permittivity or a rough surface texture.
[8] There are some differences in morphology between the northern and southern flows. The northern flow complex is thinner and transforms from a channelized flow into broad sheets that spread out laterally into the basin. The SHARAD orbit tracks cross three of these sheets, labeled A, B, and C in Figures 1 and 2 . The southern flow is thicker, has well-defined distal lobes, and a central channel. SHARAD only detects subsurface interfaces beneath the thinnest parts of these distal lobes.
where h is the height relative to the surrounding plains as measured from MOLA topography and Af is the two-way time delay between the surface and subsurface echoes measured from the radargram. The largest source of error in the derivation of the permittivity is a systematic error caused by the unknown depth of the subsurface interface, which is needed to compute h from the MOLA data. For the basin flows described here, the topography changes slowly, and so straight lines were extrapolated from the surrounding terrain to approximate the subsurface interface depth. [n] For the northern flow, the permittivity was measured using three orbit tracks that cross the flow. For these tracks, it was assumed that the basal interface is a straight, sloped line that follows the downhill trend of the surrounding terrain. Permittivity values were derived for two segments of the flow in each orbit track. The e values range from 6.2 to 17.3, with an average of 12.2 (Table SI of the auxiliary material).
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1 If the basal interface is slightly deeper than assumed, h will be larger, and the computed e' values will be slightly lower than those given here. A slightly shallower interface (above the level of the surrounding plains) would produce slightly higher permittivity values. Pumice, volcanic ash, and tuff have permittivity values between ~2.5 and 3.5 [Ulaby etal, 1988; Campbell and Ulrichs, 1969] , while most terrestrial and lunar basalts have e' values between 7 and 11 [Carrier et al., 1991; Campbell and Ulrichs, 1969] . The permittivity values computed for the northern flow are clearly higher than those measured for the Medusae Fossae Formation pyroclastics [Carter et ah, 2009] , implying a dense rock.
[12] For the southern flow, the permittivity was measured using four orbit tracks. In this case, the plains north of the flow are fairly flat, and so the subsurface interface was assumed to be a continuation of the flat surface to the immediate north of the flow. Here, the computed permittivities range from 7.0 to 14.3 with an average of 9.8 (Table SI) . As with the northern flow, if the basal interface is slightly deeper than assumed, the computed e' values will be lower, and if the interface occurs higher in the column, the e values will be higher. For both the northern and southern flows, a low computed permittivity (like that measured for the MFF) is only possible if the flows are sitting on a bench structure, which seems highly unlikely.
[13] For dry materials, the permittivity is primarily influenced by density. Empirical studies have yielded a relationship of:
where p is the density in g cm -3 [Ulaby et al., 1988] . Inverting equation (2) for density, we find values of 3.4 to 3.7 g cm -from the average measured permittivities. Since basalts commonly have densities greater than 3 g cm -, whereas most granitic rocks have densities between 2.5 and 3.0 g cm -3 [Johnson and Olhoeft, 1984] , the measured permittivity values for the Martian flows are more consistent with basalt and most likely do not indicate a felsic composition.
[14] In cases where the subsurface interface is visible at a different depths spanning tens of meters, it is also possible to measure the loss tangent (tan 8) of the material. The loss tangent can be written as [Campbell et al, 2008] : where A is the SHARAD free-space wavelength of 15 m and L is the power loss per unit of time At. This formulation assumes that the surface and subsurface roughness are constant over the measurement area, and that the dielectric contrast at each interface is constant over the measurement area.
[15] In the case of the northern flow, separate fits of power loss versus time delay were made for two orbit tracks. During the standard processing, each orbit track is normalized to the noise background. Subsurface power loss versus time delay with corresponding linear fits are shown in Figures 4a and 4b) . Since the northern flow is very flat with a fairly constant echo from the surface, we show the measured power values at each subsurface interface without any normalization to the surface echo. The fits to the two orbit tracks yielded loss-tangent values of 0.025 and 0.027, with a total range (including fitting errors) of ~0.02 to 0.03. Data for the fits are shown in Table S2 .
[16] In the case of the southern flow, there is not sufficient change in the subsurface interface depth within each orbit track to get a reliable fit. In order to combine power measurements from multiple tracks, the data were normalized to remove possible effects of changes in antenna gain from one orbit to another due to spacecraft orientation or solar panel position. We show the normalized power for the four orbit tracks plotted together with the best-fit line in Figure 4c . Here, the measured power values for the subsurface interface were divided by the average surface echo over the lava flow surface. This normalization can introduce errors if the surface roughness of the flow is different in each orbit track. However, there is always some potential error involved with changing surface roughness within each track, and the terrain appears very uniform in images. The normalization had the desired effect of removing systematic brightness variations between tracks caused by changes in antenna gain. For the southern flow, the derived loss tangent is 0.012, with a total range, including derived fitting errors, of 0.011 to 0.014 (Table S2) .
[17] The measured loss tangents are common values for terrestrial and lunar volcanic rocks, including basalts [Carrier et al, 1991; Ulaby et al, 1988; Campbell and Ulrichs, 1969] . They are higher than those derived for the sediment layers in Amazonis [Campbell et al, 2008] and for the Medusae Fossae Formation pyroclastics [Watters et al, 2007] . Loss tangents between 0.01 and 0.03 imply a low to moderate concentration of radar-wave absorbing minerals such as ilmenite or hematite. For example, some lunar basalts with a high fraction of ilmenite (10-15% TiC^) have loss tangents approaching ~0.1 [Carrier et al, 1991] .
Conclusions
[is] The lava flows west of Ascraeus Mons have high permittivities and moderate loss tangents that are consistent with high-density lavas such as basalt. Although the flows have a high permittivity, the radar is able to penetrate into the flows, probably because a low-permittivity dust covering allows the incident wave to travel into the subsurface through interfaces with smaller dielectric contrasts (i.e., less impedance mismatch). The loss tangents of the flows are moderate, and the flows therefore do not contain large amounts of radar-wave absorbing minerals.
